The purposes of this study were to determine whether cortical spreading depression occurs outside of the infarct produced by photothrombotic vascular occlu sion, and also the direction of spreading. Focal cerebral thrombotic infarction was produced by irradiating the ex posed skull of anesthetized rats with green light (560 nm) following systemic injection of rose bengal dye. At prox imal sites (-2 mm anterior to the infarct border), tran sient, severe hyperemic episodes (THEs) lasting 1-2 min were intermittently recorded. THE frequency was great est in the first hour and declined over a 3-h period. THEs were accompanied (and usually preceded) by a precipi tous rise in [K +]0 (from -3 to >40 mM) and were asso ciated with increases in local tissue oxygen tension Previous studies have defined marked differences between the consequences of severe focal and glob al cerebral ischemia. During global ischemia, elec trical, ion transport, and oxidative metabolic activ ities cease; this results in declines of creatine phos phate (PCr) and ATP, suppression of synaptic functioning, loss of transmembrane ion gradients, and accumulation of intracellular calcium ion (re view by Siesjo and Bengtsson, 1989) .
THE, transient hyperemic episode; tP02, tissue oxygen tension.
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These data indicate that THEs were reactive to physio logic events resembling cortical spreading depression (CSD), which provoked increased demand for oxygen and blood flow, and which spread from proximal sites to areas more distal (-4 mm) from the rim of the evolving infarct. MK-801 (1 mg/kg, i. v. ) inhibited subsequent CSD-like episodes. We conclude that photothrombosis induced ischemia provoked CSD which was triggered ei ther within the infarct core or in the infarct rim and spread to more distal sites. Whether multiple episodes of CSD during infarct generation are responsible for the remote consequences of focal brain injury remains to be deter mined. Key Words: Cortical spreading depression Photochemical infarction-Cerebral blood flow Potassium-Oxygen-Diaschisis. 1992); but in the infarct rim, different effects were evident which could signal residual pathophysiol ogy. After middle cerebral artery occlusion (M CAo) in rats, for example, time-dependent heterogeneous changes in glucose consumption and cerebral blood flow (CBF) were recorded within the infarct rim (Nedergaard and Astrup, 1986; Shiraishi et al., 1989) . Also, transient events occurred at the periphery of the infarct zone after MCAo in rat (Nedergaard and Astrup, 1986; Gill et al., 1992; Iijima et al., 1992) which resemble cortical spreading depression (CSD) (Leao, 1944) . Similar events were recorded in other models of focal isch emia (Branston et al., 1977; Harris et aI., 1981; Strong et al., 1983) . These CSD-like events were defined by criteria which characterized CSD in nor mal brain including a propagated wave of EEG sup pression, negative shifts in the extracellular direct current potential, large increases in extracellular potassium ion activity ([K + ]0) and decreases in the extracellular activities of Na + , CI-and Ca 2 + (Leao, 1944; Van Harreveld, 1959; Nicholson and Kraig, 1981; Hansen and Zeuthen, 1981; Hansen, 1985) . Also complicating studies of focal ischemia is the fact that multiple changes were apparent in regions remote from the histopathologic lesion. These changes included prolonged depression of neuronal activity (diaschisis), cerebral blood flow, and glu cose metabolism (Ginsberg et aI., 1977 (Ginsberg et aI., , 1989 Pap pius, 1981; Dietrich et aI., 1986a, b) . Recently, the early expression of immediate early gene (IEG) encoded proteins was also reported in remote re gions after thrombotic infarction (Gass et aI., 1992) . The present study was directed toward understand ing the hemodynamic and other consequences of focal ischemia that occur outside the area of infarc tion. Goals were to determine whether CSD-like changes in CBF, tissue oxygen tension (tP0 2 ) and [K + ]0 occur after focal ischemia produced by pho tochemically induced thrombosis, whether these derangements spread from the infarct zone to re mote sites, and whether CSD spreads from sites closer to the infarct core out to distal regions. The present studies took advantage of the fact that focal ischemia can be produced by photochemically in duced thrombotic occlusion (Watson et aI., 1985; Dietrich et aI., 1987 a, b) with known irradiation ge ometry, thereby allowing reproducible placement of probes for physiologic recording. Since CBF de creased in regions remote from the infarct core after photothrombosis (Dietrich et aI., 1989) , we also questioned whether the brain retained the capacity for vasoreactivity in response to increased ion transport. This capacity is important since CSD induced increases in energy demand might "over load" oxygen delivery, cause transient hypoxia, and thereby promote persistent changes in meta bolic physiology. A preliminary report of this re search has been presented (Leistra et aI., 1992) .
MATERIALS AND METHODS

Animal preparation
Experiments were performed on 28 male Wistar rats weighing 250--300 g that had been fasted overnight. Rats were anesthetized with 3% halothane and maintained on 2% halothane in a 70:30 mixture of nitrous oxide and oxygen delivered by a closely fitting face mask. Body temperature was maintained at 37°C with a heating pad. The left femoral vein was cannulated for rose bengal in fusion and the scalp was retracted to expose the calvar ium. One hole, -3 mm in diameter, was drilled in the left parietal region of the skull to expose the overlying dura. This craniotomy was centered at 1.3 mm posterior to the bregma and 2.5 mm lateral to the midline (Paxinos and Watson, 1982) ; the dura mater was kept intact. Two laser Doppler flowmetry probes (BPM 403A, TSI, St. Paul, MN, U.S.A.) of 0.8 mm in diameter, attached to a ste reotaxic holder, were advanced to the surface of the exposed cortex (Fig. 1) . Large blood vessels were avoided under microscope guidance.
In some rats, extracellular potassium ion activity ([K +10) and local tissue oxygen tension (tP02) were mon itored by ion-selective and polarographic microelec trodes, respectively. Techniques for manufacture, cali bration, and use of these microelectrodes have been de scribed previously (Sick et aI., 1982; Feng et aI., 1988) . The microelectrodes were inserted -0.5 mm below the surface of the cortical gray mantle immediately adjacent to the laser-Doppler probes. Electrodes were placed so that the detection field of the laser doppler probe was between the microelectrodes and the infarct zone. Steady state baseline values for local cortical blood flow (CBF),
[K + 10 and tP02 were recorded for 15 min before induc tion of the cortical infarct. Physiologic, hemodynamic, and ion changes were analyzed by 1-or 2-way analysis of variance.
Photochemical induction of thrombotic infarction
The procedure for induction of thrombotic infarction has been published (Watson et aI., 1985; Dietrich et aI., 1989) . In brief, that portion of the calvarium to be irradi ated was isolated with a 3 x 3 mm optical aperture made of brass shim stock mounted onto the skull by strips of white reflection tape. The center of the brass aperture was positioned at 4.3 mm posterior to the bregma and 2.5 mm lateral to the midline. A xenon arc lamp was mounted vertically above the head to produce a spectrally filtered beam of light centered at 560 nm (near the 562-nm ab sorption maximum of rose bengal dye in tissue) with a bandwidth of 60 nm (Watson et aI., 1985) . An aliquot of 7.5 mg/ml saline solution of rose bengal was next injected intravenously over a l.5-min interval. Rats were irradi ated for 7 min through the intact, translucent skull and monitored for a period of 3 h following infarct formation. Three sham-operated control animals underwent all sur gical procedures and were given rose bengal but were not irradiated.
To document the histopathologic consequences of pho tochemically induced cortical infarction, rats (n = 3) were perfusion-fixed 5 days following infarct formation for histopathologic analysis by light microscopy. terior to the site of irradiation and infarct formation. In ex periments where ion-sensitive electrodes were also used, electrodes were positioned adjacent to flow probes. Table 1 defines blood gases and blood pressures before and after photochemically induced cortical infarction. These parameters were within normal limits under control conditions, and they were not affected by the administration of rose bengal, irra diation, or temporal factors during the study period.
RESULTS
Infusion of rose bengal dye in nonirradiated rats had little effect on CBP measured at sites proximal (�2 mm) to the irradiation rim. In sham-operat�d control rats (n = 3), no abnormal hemodynamIc consequences were detected during 2 h after rose bengal injection. It was not possible to record CBP by laser-Doppler techniques during the 7-min pe riod of irradiation in experimental rats because of interference by the green light. Portunately, the baseline CBP remained relatively constant follow ing irradiation and throughout the subsequent re cording period. Therefore, qualitative assessment of CBP changes provided adequate information for the purposes of this study. However, comparison of pre-and postillumination CBP baselines .
was . m�de to offer a rough indicator of the effect of IrradmtlOn on CBP. By this comparison, the CBP was un changed from control in seven of 18 rats, decreased in nine others, and increased in two rats. In the two rats in which CBP transiently increased after irra diation, CBP decreased slowly to approximately baseline within 3 h.
When CBP was recorded at proximal sites (2 mm from the infarct rim), multiple transient hyperemic episodes (THEs) were observed in all rats (n = 18) after photothrombotic occlusion. Pigure 2 shows examples of THEs with the top and bottom traces derived from two different rats. In this and subse quent figures, qualitative shifts in CBP are pre sented in terms of percent changes from the base line (100%) observed in the early period following photothrombosis. No THEs were observe . d in con trol rats or in rats before photothrombosis. THEs were usually severe (�3-fold increases in CBP), nearly constant in amplitude within each animal, and were usually <2 min in duration. In contrast to THE amplitudes, the frequency of THEs was vari able. THE frequency was greatest in the first hour after irradiation and decreased with time thereafter After irradiation 38.1 ± 5.5 143 ± 12 7.37 ± om 112 ± 14 (Fig. 3) . THE frequency did not appear to be related to whether the CBP baseline increased, decreased, or remained constant after irradiation.
As will be described below, electrodes were im planted adjacent to CBP probes in some animal� to record [K + ]0 and/or local tissue oxygen tenslOn (tP0 2 ). It was of initial concern that implanting such electrodes could influence THE frequency. How ever, we found no significant difference (p > 0.05) in THE frequency at any time after infarct forma tion between animals with (n = 14) or without (n = 7) implanted electrodes.
Mechanisms of transient hyperemic episodes
To determine whether prior derangements in CBP triggered THEs after photothrombotic occlu sion and resultant ischemia, we concentrated on CBF recordings during the period just before the rise of CBP characteristic of the THE. In no animal was a THE preceded by any observable decrease in the CBP baseline (cf. Pig. 2). In fact, THEs some times occurred before full restoration of the CBP baseline, at times when CBP remained elevated fol lowing a prior THE. Also, mean arterial blood pres sure was not changed during THEs.
To determine whether THEs were independent hemodynamic events or consequences of intraneu ronal activities, [K + ]0 was measured by electrodes in close apposition to the Doppler flow probes. At a proximal site (2 mm from the infarct rim), control [K + ]0 was 2.69 ± 0.26 mM (mean ± SD) in six rats.
At 10 min following infusion of rose bengal dye and irradiation, the mean [K + ]0 had risen significantly to 3.39 ± 0.77 mM (n = 6) (p < 0.05). Eighty min utes later (a total of 90 min following irradiation), crease occurred despite our goal to position the electrode further from the irradiated area than the flow probe. These latencies were not quantified, however, because electrode placement in relation to the laser-Doppler field could only be estimated. CBF increase. [K + ]0 recovered to baseline much earlier than did tP0 2 , as expected if tP02 were tightly linked to CBF. The temporal relation among these events did not appear to change with time after photothrombosis or with the number of prior CSD-like events (note in Figure 4 ; the break in the traces defined by the diagonal lines represents -40 min).
Effect of MK-801
In three animals exhibiting THEs after irradia tion, the effect of MK-80l (1 mg/kg, i. v.) on subse quent THE occurrence was tested. In one animal, MK-80l was injected 2 h after irradiation. Although this animal had had 19 THEs, no THEs were ap parent following MK-80l administration. In a sec ond animal, MK-80l was given after the rat had six THEs in the first 15 min following photothrombo sis. Within 2 min after the start of MK-80l injection, there was another THE; this was the last THE re corded during the subsequent 1.5 h of monitoring. In the third rat, MK-80l was administered immedi ately after the first THE which occurred within the first minute after the irradiation. In this rat, no sub sequent THE was recorded during the 3-h observa tion period.
Relations among events at two sites
At sites proximal to the infarct rim, all THEs were accompanied by transient CSD-like increases in [K + ]0 (89 events in seven animals). Conversely, [K + ]0 increases never occurred independently of a THE. At "distal" sites (-2 mm from the proximal sites and 4 mm from the infarct rim), all CSD-like increases in [K + ]0 were also coupled to THEs (83 responses in seven animals) (cf. Fig. 5 ). However, there were three examples (one in each of three A key finding was that in no animal (n = 10) were THEs and/or CSD-like increases in [K +]0 recorded at distal sites without a linked (and prior) episode at a proximal site. However, events at proximal sites did not always trigger corresponding events at distal sites (Fig. 6) . Although the majority of events char acterized by THEs and increases in [K + ]0 were "spread" from a proximal to a distal site ( 
CBF
was recorded, all (n = 4) CSD-like events in the proximal site spread to the distal site.
Histopathological findings
In rats studied 5 days after irradiation, a consis tent pattern of cortical infarction was demonstrated which corresponded to the irradiated area (Dietrich et aI., 1989) . A well-demarcated cortical infarct was observed which was surrounded by a rim of mac rophages that had begun to infiltrate the necrotic zone. The epicenter of the infarct appeared at the coronal level corresponding to 4.3 mm posterior to the bregma. At higher magnification, the edge of the infarct was bordered by normal-appearing tissue. Cortical and subcortical areas remote from the in farcted site appeared unremarkable by light micros copy. In some cases, probe tracks made by the ion selective microelectrodes were seen. In those in stances, minor cortical damage was restricted to the probe track. 
DISCUSSION
A goal of many laboratories has been to define mechanisms underlying the pathophysiology that often occurs at sites distant from focal brain infarc tion (e.g., Nedergaard and Hansen, 1988; Pappius et aI., 1988; Dietrich et aI., 1989; Shiraishi et aI., 1989; Gass et aI., 1992) . Toward this goal, the stud ies reported here took advantage of cortical focal infarction produced by photochemical induction of small vessel thrombosis (Watson et aI., 1985) . This model is advantageous because infarct size and lo cation are highly reproducible and dependent upon externally regulated variables such as the location and intensity of irradiation and the photosensitizing dye concentration. Before infarct induction, there fore, vulnerable and nonvulnerable cortical areas could be accurately predicted for physiologic mon itoring. Because the cortical infarct is initiated by microvascular endothelial injury and platelet throm bosis, this infarct model may also have the advan tage of incorporating thrombotic processes active in acute stroke.
Previous studies demonstrated that photochemi cal thrombosis produced a rim of increased glucose consumption around the evolving infarct with dif fuse hypometabolism of glucose and depressed CBF in more distant regions of the ipsilateral cortex (Dietrich et aI., 1986a, b) . This remote depression of CBF was attributed to the release of platelet derived serotonin which caused vascular constric tion in remote areas (Dietrich et aI., 1989) . The present studies demonstrate that thrombotic infarc tion triggered multiple episodes of transient hyper emia and large increases in [K + ]0' The frequency of these episodes decreased with time but were appar ent for at least 3 h after infarct generation. Whether this decrease in frequency represents a decline in the ability of remote sites to propagate such events, or a decline in their generation, remains to be de termined.
For two reasons we define the events character ized by hyperemia and increased [K + ]o as CSD. One is that the changes that occurred during these episodes displayed characteristic amplitudes and durations similar to those observed during cortical spreading depression in uninjured brains (e.g., Leao, 1944; Lothman et aI., 1975; Hansen and Zeuthen, 1981) . Also, these changes spread from proximal to distal sites in the manner of CSD in control brains. This direction of the spreading of THEs and transient increases in [K + ]0 also provide a basis for our conclusion that the mechanisms un derlying the CSD activity originated within, or at the immediate periphery of, the infarct zone.
Events indicative of CSD have been described in several models of focal brain ischemia (Brans ton et aI., 1977; Harris et aI., 1981; Strong et aI., 1983; Nedergaard and Astrup, 1986; Gill et aI., 1992) . Our data expand upon those studies, which did not doc ument the spreading of the CSD-like activity from the border zone of the infarct caused by MCAo. We observed CSDs that spread from sites proximal to the infarct zone after photo thrombosis to sites more distal from the infarct. Also, whereas most previous reports, and our data, described little variation in amplitude and duration of CSD events, Gill et ai. (1992) observed differences in amplitude and dura tion of Ca 2 + shifts within animals after MCAo.
These differences may be due to the location of recording sites (larger and more prolonged Ca 2 + shifts occurred only deep within the developing in farct after MCAo) or to the possibility that [K + ]0 or extracellular voltage may not fully reflect Ca 2 + ac tivity in the extracellular space.
Mechanisms of CSD generation
Mechanisms of CSD generation remain unknown both in normoxic brain and after focal ischemia. One possible mechanism could be the severe de cline in CBF that occurs in the evolving infarct after photothrombosis (Dietrich et al., 1986a) . However, this is not likely to be the primary mechanism of CSD generation because physical or chemical stim-uli can trigger CSD in normal brain without prior changes in CBF. Also, incomplete or complete global ischemia is not usually accompanied by CSD.
It is unlikely that the moderate declines in CBF that occur outside of the evolving infarct (Dietrich et aI., 1986a) are primarily responsible for the gen eration of CSD after photo thrombosis . This is be cause (a) the transient increases in [K + ]0 associated with CSD were not preceded by any observable changes in the CBF baseline; (b) [K + ]0 increased before increases in CBF, although the ion selective microelectrode recording [K + ]0 was placed further from the infarct rim than was the laser-Doppler probe measuring CBF. Large increases in CBF also occurred when CSD was induced in normal brains (Hansen et aI., 1980; Lauritzen et aI., 1982) . Those transient increases in CBF were considered reac tive rather than a cause of CSD (Lauritzen, 1987; Mayevsky and Weiss, 1992) . The sequence of events recorded after photothrombosis is consistent with this conclusion; (c) tP0 2 declined at approxi mately the time that [K + ]0 increased, which was before the initial rise in CBF. tP0 2 increased as CBF increased suggesting that the CBF increase occurred in response to increased O 2 demand. The fact that tP0 2 increased is consistent with previ ously reported rises in glucose consumption during CSD (Shinohara et aI., 1979) and suggests that thrombotic infarction did not depress the microvas cular capacity for vasodilation in response to CSD. Rather, CBF increased to levels more than suffi cient to supply oxygen to compensate for increases in oxygen consumption; and (d) the clearance of [K + ]0 and restoration of the [K + ]0 baseline oc curred much earlier than did the decline of CBF to baseline level.
Although CBF derangements alone may not cause CSD, such derangements could compromise tissues after focal injury and promote CSD genera tion. In normal brains, CSD was accompanied by transient hyperemia and then followed by pro longed, moderate hypo perfusion (Lauritzen, 1987; Duckrow, 1991) . However, our continuous laser Doppler recording failed to show CSD-induced hy poperfusion after photothrombosis. We suggest ei ther that the mechanism regulating post-CSD per fusion is different in normal and injured animals or that baseline CBF was compromised in the present study during the irradiation period. Another mech anism of CSD generation is suggested by findings that CSD in normal brains can be initiated by excit atory amino acids (Van Harreveld and Fifkova, 1970; Scheller et aI. , 1990) . In addition, CSD may be accompanied by the release of excitatory amino J Cereb Blood Flow Metab. Vol. 14. No. 1. 1994 acids including glutamate and aspartate (e.g., Van Harreveld and Kooiman, 1965; Scheller et aI., 1990) , and by N-methyl-D-aspartate (NMDA) re ceptor activation (Hansen et aI., 1988; Marrannes et aI., 1988; Lauritzen and Hansen, 1992) . Our finding that the noncompetitive NM DA antagonist MK-801 inhibited CSD after infarct induction is consistent with results in other models of focal ischemia (Gill et aI., 1992) , suggesting that NMDA receptors play an important role in initiation and propagation of CSD following focal brain injury (e.g., Lauritzen and Hansen, 1992) .
CSD may occur after focal ischemia as a result of free radical-induced increases in membrane perme ability. This is because (a) rose bengal photochem istry is known to involve singlet oxygen interactions (Houba-Herin et aI., 1982) ; and (b) free radicals have been suggested to underlie spreading depres sion after rose bengal photoactivation in isolated chick retina (Netto and Martins-Ferreira, 1989) . The generation of peroxidative end products and free radicals from their degradation may also pro voke the acute blood-brain barrier (BBB) disrup tion which is known to occur following photochem ically induced cortical infarction (Dietrich et aI., 1987b) . BBB disruption could allow blood-borne substances including ions and transmitters to gain access to the extracellular space and promote CSD generation.
Consequences of cortical spreading depression
Yet unknown is whether CSD is linked to the remote consequences of photo thrombosis . This is likely because events occurring during CSD, such as release of excitatory amino acids, large shifts in transmembrane ion gradients, and repetitive ion channel or receptor activation are similar to those that characterize the cascade of degenerative events that lead to ischemic injury. This link is sug gested by findings that several IEG-encoded pro teins were induced throughout the ipsilateral cortex remote from the infarct caused by photothrombosis (Gass et aI., 1992) . This rapid IEG induction was prevented or attenuated by pretreatment with MK-801 which inhibits CSD. Also consistent with this link are findings that MK-801 attenuated the num ber and amplitude of CSD episodes after MCAo and reduced infarct volume (Gill et aI., 1992; Iijima et aI., 1992) . However, we recorded CSD events in brain regions that exhibited no histopathology after photothrombosis. This is consistent with observa tions in normal brains that CSDs do not necessarily lead to neuronal injury (Nedergaard and Hansen, 1988) . We suggest that remote pathophysiology af ter photothrombosis may be a consequence of CSD in remote areas that are already compromised by such changes as hypoperfusion and metabolic and neurotransmitter derangements. We also suggest, however, that CSD and other remote pathophysio logical changes after photothrombosis may be be low the threshold for ischemic cell injury.
